Client protein recruitment to the Hsp90 system depends on cochaperones that bind the client and Hsp90 simultaneously and facilitate their interaction. Hsp90 involvement in the assembly of snoRNPs, RNA polymerases, PI3-kinase-like kinases, and chromatin remodeling complexes depends on the TTT (Tel2-Tti1-Tti2), and R2TP complexes-consisting of the AAA-ATPases Rvb1 and Rvb2, Tah1 (Spagh/RPAP3 in metazoa), and Pih1 (Pih1D1 in humans)-that together provide the connection to Hsp90. The biochemistry underlying R2TP function is still poorly understood. Pih1 in particular, at the heart of the complex, has not been described at a structural level, nor have the multiple protein-protein interactions it mediates been characterized. Here we present a structural and biochemical analysis of Hsp90-Tah1-Pih1, Hsp90-Spagh, and Pih1D1-Tel2 complexes that reveal a domain in Pih1D1 specific for binding CK2 phosphorylation sites, and together define the structural basis by which the R2TP complex connects the Hsp90 chaperone system to the TTT complex.
INTRODUCTION
The R2TP complex is implicated in the stabilization and assembly of an eclectic set of proteins and macromolecular complexes (Te et al., 2007; Zhao et al., 2005) . These include RNA polymerase 2 (Boulon et al., 2010) , small nucleolar ribonucleoproteins (snoRNPs; Kakihara and Houry, 2012) , and phosphatidylinositol-3-kinase-like kinases (PIKKs) such as mTOR and SMG1 (Horejsí et al., 2010; Takai et al., 2010) . The R2TP complex is found in organisms from yeast to humans, and consists of the AAA+ ATPases Rvb1 and Rvb2 (human: RUVBL1 and RUVBL2), a TPR-containing protein, Tah1 (human: Spagh or RPAP3), and Pih1 (also known as NOP17 and Pih1D1, but referred to as Pih1 henceforth; Kakihara and Houry, 2012; Te et al., 2007) .
Pih1 is the multipoint scaffold of the R2TP complex, coupling the Rvb1-Rvb2 hetero-dodecamer, the Hsp90 chaperone machinery (via Tah1 in yeast or Spagh/RPAP3 in metazoa), and the TTT (Tel2-Tti1-Tti2) complex implicated in activation and stabilization of PIKKs (Hurov et al., 2010; Kakihara and Houry, 2012) . Pih1 interaction with Rvb1-Rvb2 appears to be constitutive and direct and requires a central region of Pih1 (Paci et al., 2012) , whereas the interaction of Pih1 with TTT is mediated by a casein kinase 2 (CK2) phosphorylated motif in Tel2 and an N-terminal region of Pih1 (Horejsí et al., 2010) .
The biological roles ascribed to the R2TP complex are directly associated with its ability to interact with the Hsp90 chaperone system and function as an Hsp90 cochaperone (Boulon et al., 2010; Izumi et al., 2012; Takai et al., 2010) . In yeast, recruitment of R2TP to Hsp90 is mediated by Tah1, a TPR-domain protein that simultaneously binds the conserved C-terminal MEEVD motif of Hsp90 and a C-terminal region of Pih1 (Eckert et al., 2010) . In metazoa, the interaction of Pih1 and Hsp90 is mediated by Spagh/RPAP3, a much larger protein containing tandem TPR domains as well as additional domains of unknown function.
Whereas the R2TP complex is implicated in a growing number of biological processes, the mechanistic biochemistry underlying its function is poorly understood (Kakihara and Houry, 2012) . Pih1, the core scaffold protein of the complex, has not been characterized structurally, nor have the protein-protein interactions it mediates been described at a structural level. Here we present crystal structures of Hsp90-Tah1-Pih1, Hsp90-Spagh/RPAP3, and Pih1-Tel2 complexes that together define key structural links within the R2TP core in yeast and in animals ( Figure 1 ) and reveal how R2TP connects the Hsp90 chaperone system to the TTT complex involved in PIKK activation.
RESULTS

Structure of the Tah1-Pih1 Complex
We determined the crystal structure of full-length yeast Tah1, bound to both the C-terminal segment of yeast Pih1 and the C-terminal tail peptide (SRMEEVD) of Hsp90 (Figure 2A ), by single-wavelength anomalous dispersion phasing of crystals grown with selenomethionine-labeled Tah1 (see Experimental Procedures) and refined to 2.2 Å (Table 1) . Consistent with earlier nuclear magnetic resonance studies (Back et al., 2013; Jimé nez et al., 2012) , the core of Tah1 is a TPR domain, which consists of a helices arranged in a repeating antiparallel right-handed helix topology. Unusually, Tah1-TPR contains five helices rather than the seven found in other structurally characterized Hsp90-binding TPR domains (Morgan et al., 2012; Scheufler et al., 2000; Zhang et al., 2005 ). The C-terminal 20 residues of Tah1 beyond the end of the fifth a helix of the TPR domain has no coherent structure in the isolated protein in solution (Back et al., 2013; Jimé nez et al., 2012) , but is fully ordered in the complex crystal structure, and forms the majority of the interaction with Pih1 (see below). The C-terminal domain of Pih1 consists of a seven-stranded b sandwich with the topology of a CS domain-a structural motif also found in Hsp90 cochaperones such as p23/Sba1 and Sgt1 .
Tah1-Pih1 Interaction
The Tah1-Pih1-CS interaction buries $2,036 Å 2 of molecular surface, which is in the range typically associated with constitutive interactions (Krissinel and Henrick, 2007) . Most ($1,720 Å 2 ) of this surface is buried by the C-terminal segment of Tah1 (Figure 2B single polar side chain interaction between Tah1-Glu 100 and Pih1-His 333 ( Figure 2C ). Beyond the end of the b strand interaction at Val 101, Tah1 makes a right-angle bend at Asp 102 and Glu 103, packing the side chains of Leu 104 and Tyr 108 into a hydrophobic recess on the face of the four-stranded b sheet of Pih1, formed by the side chains of Ile 334, Phe 332, Tyr 341, and Tyr 343 ( Figure 2D ). A further bend in the trajectory of Tah1 forms a network of intramolecular polar and water-bridged interactions centered on Tah1-Arg 110 and delivers the carboxyl side chain of Asp 109 and the side chain and C-terminal a-carboxyl of Ser 111 into a polar/ion pair interaction with the basic side chains of Lys 272 and Arg 282 of Pih1 ( Figure 2D ).
The globular regions of the two proteins interact directly via a hydrophobic interface involving the packing of Pih1-Phe 303 into a pocket formed by Tah1 residues Thr 55, Ile 58, Val 91, Gly 92, and Val 94. This is reinforced by a bidentate hydrogen bonding interaction between the side chains of Tah1-Arg 66 and Pih1-Asp 328, and a well-ordered water network ( Figure 2E ). Whereas the extended C terminus of Tah1 dominates the interface with Pih1, these additional interactions fix the relative position of the two domains into a single globular entity.
Tah1 Interaction with the Conserved Hsp90-MEEVD Motif
The Tah1-Pih1-CS heterodimer was cocrystallized with a peptide incorporating the conserved C-terminal MEEVD motif found at the C terminus of all eukaryotic cytoplasmic Hsp90s and is essential for Hsp90 interaction with TPR-domain cochaperones. In the Tah1-Pih1-CS complex, the Hsp90 ''tail'' peptide binds in an extended groove lined by the helices forming the TPR domain, and interacts with residues from the first, third, and fifth helices. The conformation of the peptide and its interactions are very similar to those observed for Hsp90 tail peptides bound to the TPR domains of CHIP and AIP (Morgan et al., 2012; Zhang et al., 2005) and essentially identical to those observed in a recent nuclear magnetic resonance analysis of a Tah1-Hsp90 peptide complex (Back et al., 2013 ) and will not be described in further detail. The major difference between the Tah1 complex and the CHIP and AIP Hsp90-tail peptide complexes derives from the lack of the two C-terminal a helices in the Tah1 TPR structure. This leaves the methionine residue (M3 in Figure 2F ) in the peptide partially exposed, rather than buried in a pocket at the interface of the fifth and seventh helices as in the complexes with CHIP or AIP.
Stoichiometry of the Tah1-Hsp90 Interaction
In metazoa, the role of Tah1 is played by a larger protein, Spagh/ RPAP3, which has two tandem TPR domains as well as an uncharacterized N terminus and a C-terminal Monad-binding domain. We therefore used isothermal titration calorimetry (ITC) to investigate whether the stoichiometry for binding of Tah1 and Spagh/RPAP3 to intact Hsp90 differed. Tah1 bound dimeric Hsp90 (K D = 5.9 mM) with a 1:1 stoichiometry (one dimer Hsp90 and two monomers of Tah1; Figure S1A available online). The affinity (K D = 4 mM) and stoichiometry were unaffected by the pre-assembled full-length Tah1-Pih1 complex and dimeric Hsp90 (Figures S1A and S1B). The similar affinity and stoichiometry in both cases are consistent with formation of the (Hsp90) 2 -(Tah1) 2 and (Hsp90) 2 -(Tah1) 2 -(Pih1) 2 complex. Furthermore, a mixture of Tah1, Pih1, and the dimeric C-terminal domain of Hsp90 coeluted from a calibrated gel-filtration chromatography column at a volume fully consistent with formation of a (Hsp90) 2 -(Tah1) 2 -(Pih1) 2 stoichiometric complex ( Figure 3A) .
We previously showed that some Hsp90 TPR-domain cochaperones occupy both of the C-terminal MEEVD motifs available in an Hsp90 dimer, preventing the formation of mixed Hsp90-TPR domain cochaperone complexes (Prodromou et al., 1999; Zhang et al., 2005) . To test this with Tah1, we co-immunoprecipitated a dimeric C-terminal construct of Hsp90 with FLAGtagged Tah1 in the absence or presence of a monomeric TPR-domain cochaperone, Cpr6 ( Figure 3B ). The levels of C-Hsp90 co-immunoprecipitated by FLAG-Tah1 were progressively decreased as the concentration of Cpr6 present increased, consistent with Cpr6 titrating out the available C-Hsp90. However no Cpr6 was co-immunoprecipitated at any level, indicating that a FLAG-Tah1-(Hsp90) 2 -Cpr6 mixed cochaperone complex was not formed. This is completely consistent with Tah1 and Hsp90 interacting as a homogeneous 2:2 (Hsp90 2 :Tah1 2 ) stoichiometric complex, as determined by size exclusion chromatography ( Figure 3A ), in which both MEEVD sites are occupied.
The absence of the mixed (Tah1 and Cpr6) Hsp90 complex raises the question as to how Tah1 binding excludes simultaneous binding of other monomeric TPR domains. One possibility is that Hsp90-bound Tah1 dimerizes and thus excludes other monomeric TPR domains from binding. Previous work suggested that Tah1 might be able to form dimers, although very weakly, and the biological relevance of this remained undefined (Millson et al., 2008) . Using a lysine-specific crosslinker (see Experimental Procedures), we were able to trap a Tah1 dimer species in solution ( Figure 3C ), supporting the idea that Tah1 may dimerize, a process that would be greatly enhanced once bound to Hsp90, and thus exclude other monomeric TPR domain-containing proteins from forming a mixed TPR domain complex.
Hsp90 Interaction with Spagh/RPAP3
In metazoa, the role of Tah1 is taken by Spagh/RPAP3-a much larger protein with two TPR domains identifiable in its amino acid sequence. We postulated that Spagh/RPAP3 might interact with dimeric Hsp90 as a monomer by utilizing each of its tandem TPR domains to bind to the MEEVD motifs on one Hsp90 dimer. To test this, we analyzed the interaction of the tandem TPR region of human Spagh/RPAP3 120-395 (TPR 2 ) with a C-terminal Hsp90 peptide, and with dimeric Hsp90, by ITC at 30 C and 10 C. Mutant data (see below) suggested a molar ratio indicating two copies of the peptide binding to a single molecule of Spagh/ RPAP3-TPR 2 and supporting the hypothesis that both Spagh/ RPAP3 TPR domains are competent for Hsp90 binding (Figure 4A) . Using a two site fitting model, the C-terminal Hsp90 peptide bound to Spagh/RPAP3-TPR 2 with tight affinity at one site (K D = 1.49 and 1.0 mM at 30 C and 10 C, respectively) and with moderate affinity at the other site (K D = 23.6 and 24.0 mM at 30 C and 10 C, respectively). Consistent with these findings, we found that Spagh/RPAP3-TPR 2 bound to a Hsp90 dimer with K D = 6.8 mM, but with a 1:2 molar ratio, suggesting that a single molecule of Spagh/RPAP3 binds simultaneously to both C-terminal MEEVD motifs of Hsp90 dimer ( Figure 4B ). The binding of Spagh/RPAP3, and indeed Tah1 and Tah1-Pih1 complex had no major effect on the ATPase activity of yeast Hsp90 and human Hsp90b ( Figure S2 ), consistent with a previous report (Eckert et al., 2010) .
We next determined the crystal structures of each of the TPR domains (TPR1 and 2) of human Spagh/RPAP3 cocrystallized with the Hsp90 C-terminal peptide. Spagh-TPR1
125-250 consists of seven a helices, the first five of which align with the five-helix TPR domain of Tah1. Spagh-TPR2 267-381 consists of six a helices, with the first five again aligning with Tah1-TPR ( Figure 4C ). The N-terminal helix of Spagh-TPR2 is double the length of the N-terminal helices of Tah1 or Spagh-TPR1 and projects out of the core TPR domain ( Figure 4C ). In both Spagh/RPAP3 TPR domains, the Hsp90 C-terminal peptide is bound in the groove formed by the first five a helices. The peptide bound to TPR2 adopts a compacted conformation very similar to the Tah1 complex, making extensive interactions with the walls of the groove. The Hsp90 peptide bound to TPR1 makes fewer interactions and is less well structured, but in both cases the a-carboxyl and the side chain of the C-terminal aspartic acid are bound by a ''carboxylate clamp'' (Scheufler et al., 2000) , anchored by the side chains of Asn 172 (TPR1) and Asn 321 (TPR2), each of which make a bidentate interaction with the peptide NH and a-carboxyl of the C-terminal aspartic acid residue of the Hsp90 peptide ( Figure 4D ). We tested the binding model suggested by the ITC experiments by introducing mutations into either Spagh/RPAP3-TPR domain that should disrupt binding of the Hsp90 C-terminal MEEVD motif to that TPR domain only. Mutation of TPR1 (N172E) or TPR2 (N321E) and fitting with a two site model suggested that binding for one site (nonmutant site) remained unaffected (N172E-TPR1 mutant, TPR2: K D = 9.7 mM and N321E-TPR2 mutant, TPR1: K D = 0.94 mM), whereas the mutated TPR sites were compromised for binding (N172E-TPR1 mutant, TPR1: K D = $231 mM and N321E-TPR2 mutant, TPR2: K D = $109 mM; Figures S3A and S3B) . The N172E-N321E double mutant failed to show tight binding altogether ( Figure S3C ), thus confirming that both TPR domains were compromised by the mutations.
Next we used His-tagged Hsp90 in pull-down assays to test whether they bound the TPR domain mutants ( Figure 4E ) and obtained results that were consistent with those from the ITC experiments. Taken together with the higher affinity and 1:2 molar ratio observed for native Spagh/RPAP3-TPR 2 binding to the Hsp90 dimer (one Spagh/RAP3 molecule: one Hsp90 dimer), these data indicate that the two TPR domains bind both C-terminal MEEVD motifs of Hsp90 dimer simultaneously, with the stronger binding TPR1 making the nucleating interaction that facilitates binding of the weaker TPR2.
Structure of Pih1 N-Terminal Domain
Interaction with Tel2 involves the N-terminal segment of Pih1 (Horejsí et al., 2010) , which contains a conserved region of unknown structure (henceforth, PIH domain). We determined the crystal structure of the mouse PIH domain ( Figure 5A) with single-wavelength anomalous dispersion phasing of Tel2-peptide cocrystals (see below) grown with SeMet protein (see Experimental Procedures) and used this to phase the mPih 47-179 apo and SELDpSDDEF peptide-bound structures, which were refined to 2.1 and 3.3 Å , respectively (Table 1) . We also obtained crystals of an essentially identical region of budding yeast Pih1 and determined the structure of this with molecular replacement ( Figure 5A ). The PIH domain consists of a twisted five-stranded b sheet with one face traversed by a helix-turn-helix segment connecting strands 4 and 5, and the other face traversed by a coil segment extending from the end of b strand 5. An additional a helix connecting strands 2 and 3 projects from the end of the sheet and packs against the larger of the other two helices.
Pih1-Tel2 Interactions
A number of CK2 phosphorylation sites in a central and probably unstructured segment of Tel2 have been implicated in mediating interaction with the R2TP complex (Horejsí et al., 2010) . To define which of these are directly involved in the interaction with Pih1, we performed a series of ITC experiments using the mPIH domain and Tel2-derived phosphopeptides. 
Structure
Structure of R2TP Core Interactions
Consistent with the requirement for CK2 phosphorylation, an unphosphorylated peptide derived from mouse Tel2 residues 484-496 showed little affinity for the PIH domain ( Figure 5B ). The same peptide phosphorylated on Ser 486 or Ser 488 alone showed weak to modest binding (K D > 100 and 15.3 mM, respectively; Figure S4A and SB). In contrast, a pSer 492 and a bis-phosphorylated (pSer 488 and pSer 492) peptide showed significantly higher affinity with K D = 0.39 and 0.17 mM, respectively ( Figure 5B ). We also tested the bis-phosphorylated pSer 486 and pSer 488 peptide and found this bound only weakly to the PIH domain (K D = 37.9 mM; Figure S4C ). A Tel2 peptide in which pSer492 was replaced by a phosphothreonine bound substantially weaker than the native phosphoserine version (K D = 45.7 mM; Figure S4D ) suggesting that at least in the context of the Tel2 sequence, the PIH domain is specific for phosphoserine.
We next obtained crystals of a complex of the PIH domain and the Ser 488-Ser 492-bis-phosphorylated Tel2 peptide. The phosphopeptide binds to an intensely basic patch in the highresolution apo-structure ( Figure 5C ) formed by the loop connecting b strands 3 and 4; the faces of b strands 1, 2, and 5; and the coil segment C-terminal to b strand 5. Electron density is evident for the Tel2 peptide from residue 488 to 496, but side chains are only well defined for residues 489-495 ( Figure 5D ).
The Tel2 phosphopeptide binds as a 3 10 helix stabilized by a backbone peptide hydrogen bond between Asp 491-C=O and Asp 494-NH and reinforced by a hydrogen bond between the side chain of Asp 491 and Asp 493-NH. The core of the PIH domain interaction with the Tel2 phosphopeptide is provided by interlinked hydrogen bonds between the side chains of Lys 57, Lys 64, and Lys 113 from Pih1, and the side chain phosphate and carboxyl groups of pSer 492, Asp 491, and Asp 493 from Tel2. This is reinforced by hydrogen bonds from the side chains of Asp 493 and Asp494 of Tel2 with the peptide NHs of Lys 166 and Ala 112 of Pih1, respectively. An additional hydrophobic interaction is provided by Tel2-Phe 496, which slots into a small crevice formed by the side chains of Ala 112, Arg 168, and Leu 171 of Pih1 ( Figure 6A ). Tel2-pSer 488 is poorly ordered in the complex and makes no visible interactions with the PIH domain. This is consistent with the weak binding of a Tel2 peptide phosphorylated on this residue alone, and the small additional contribution it makes to the affinity provided by pSer 492, which dominates binding of this segment of Tel2 to the PIH domain.
All the PIH residues involved in interactions with the mouse Tel2 phosphopeptide are conserved in sequence and in the three-dimensional structure in the yeast Pih1 protein, and alignment of mammalian and yeast Tel2 sequences identifies a sequence homologous to the CK2 site in metazoan Tel2 centered on a phosphorylation site at Ser 419 in yeast Tel2 (UniProt P53038). The segment carrying Ser 419 was excised from the polypeptide used in the determination of the yeast Tel2 structure .
The PIH domain itself and its mode of binding to the Tel2 phosphopeptide are distinct from previously reported phosphoserine/ phosphothreonine-binding domains such as BRCT or FHA domains (Ali et al., 2009; Kilkenny et al., 2008; Qu et al., 2013) . To verify the binding site in the crystal structure biochemically, we used ITC to measure the binding of the Ser 488-Ser 492-bisphosphorylated Tel2 peptide to the PIH domain with mutation of residues implicated in phosphopeptide binding by the crystal structure. Consistent with the crystal structure, no or very weak binding was observed with LysÀ > Glu charge reversal mutations of Lys 57 or Lys 64 ( Figure 6B , left and center). Mutation of the highly conserved Lys 153 on the opposite face of the PIH domain had no effect of Tel2 phosphopeptide binding ( Figure 6B , right).
Role of Pih1 Interactions In Vivo
Previous studies revealed the importance of the CK2 sites in Tel2 in connecting the TTT complex to the R2TP/prefoldin and Hsp90 complexes (Horejsí et al., 2010) . Consistent with the role of the TTT complex in assembly/stabilization of PIKK proteins , mutation of these sites resulted in destabilization of Smg1 and mTOR in vivo.
With the detailed structural insights into Pih1 function described here, we sought to confirm the importance of these interactions by mutating Pih1. We constructed budding yeast strains that were (1) lacking Pih1p, (2) expressing a Pih1p truncated at residue 165 and therefore lacking the structurally defined Hsp90-binding CS domain, (3) expressing Pih1p with the biochemically characterized charge reversal mutations that disrupt Tel2 phosphopeptide binding (see above), and (4) Pih1p combining CS domain deletion and Tel2 phosphopeptide-binding site mutations and determined their growth characteristics. The Pih1p-deleted strain showed significant temperature sensitivity relative to wild-type. This temperature sensitivity could be complemented by expression of either the CS-deleted or the Tel2p-binding disrupted Pih1p protein, but not by the Pih1p impaired in interaction with both Hsp90 and Tel2 ( Figure 6C ). Although the TTT complex has been implicated in stabilization and activation of the DNA damage-sensing PI3K-like kinases ATR and ATM in mammalian systems , we found no sensitivity to a DNA-damaging agent in the temperature sensitive pih1D yeast strain relative to wild-type ( Figure S5 ). ), which mediates recruitment to Hsp90, is not ts. Mutation of residues implicated in phospho-Tel2 binding (K58 equivalent to mouse K64, and K160 equivalent to mouse K166) in isolation did not generate a ts phenotype; however, simultaneous disruption of Tel2 binding and Hsp90 recruitment elicits the ts growth phenotype.
DISCUSSION
The Hsp90 system is implicated in assembly, stabilization, and activation of a plethora of proteins and complexes including protein kinases (conventional and PIKK), steroid hormone receptors, NLR innate immunity receptors, and both viral and cellular DNA and RNA polymerases . Recruitment of this wide-ranging clientele to Hsp90 is mediated by cochaperones, adaptors that interact simultaneously with Hsp90 and the specific client protein class. Conventional protein kinases, for example, are recruited by Cdc37 (Pearl, 2005) , which arrests the ATPase-coupled conformational cycle of Hsp90 (Siligardi et al., 2002) and silences the kinase activity of the client (Polier et al., 2013) .
PIKKs are recruited by a far more complicated system involving a chain of protein connections, mediated by an Hsp90-binding TPR-domain protein (Tah1 or Spagh/RPAP3) coupled to the CS-domain of Pih1. The PIH-domain of Pih1 then binds the Tel2 component of the TTT complex, which in turn binds the client (Kakihara and Houry, 2012) . Pih1 also binds the AAA-ATPases Rvb1 and Rvb2 via a segment between the PIH and CS domains (Paci et al., 2012; Figures 7A and 7B) . The mechanistic role of the Rvb1/Rvb2 complex, which is implicated in numerous processes as well as PIKK stabilization/ activation, is unknown. However, it probably involves Pih1-mediated interaction of Rvb1/Rvb2 with the PIKK client and may be partly redundant with Hsp90 function because disruption of both Tah1-binding (and hence Hsp90 association) by Pih1, and phospho-specific interaction of Pih1 with Tel2, were required to phenocopy Pih1 deletion in yeast cells.
The R2TP-TTT nexus is a more protracted and convoluted link between client and chaperone than for the conventional protein kinases, which form an intimate complex with Hsp90 and Cdc37 , and it is not clear whether, and if so, how, Hsp90 and a PIKK client protein interact directly. Nonetheless, as with conventional protein kinases, the ATPase activity of the chaperone plays an important role and its pharmacological inhibition impairs PIKK stability .
Spagh/RPAP3 and Tah1 Interaction with Hsp90
The TPR1 and TPR2 domains of Spagh/RPAP3 have a typical TPR domain structure, but lack the distinct hydrophobic pocket formed between helices 5 and 7, into which the methionine side chain of the MEEVD motif binds (Morgan et al., 2012; Zhang et al., 2005) . Instead and similar to Tah1, the methionine side chain packs against the surface of helix 5 and remains partially exposed. Whether this mode of binding, which is conserved between Tah1 and Spagh/RPAP3, has any special biological significance remains to be determined.
Although they fulfil the same role of bridging Pih1 to Hsp90, Tah1 and Spagh/RPAP3 have significant structural and functional differences. Our data show that two molecules of Tah1 can bind to an Hsp90 dimer and that each of these can recruit a molecule of Pih1, generating a fully symmetric (Hsp90) 2 -(Tah1) 2 -(Pih1) 2 complex. In principle, this dimer symmetry may be further propagated into complexes with TTT and other factors that Pih1 mediates, but whether this actually occurs in vivo remains to be determined. In contrast we find that only a single molecule of Spagh/RPAP3 binds to an Hsp90 dimer, generating an inherently asymmetric (Hsp90) 2 -(Spagh/RPAP3) 1 complex capable of recruiting a single Pih1 and downstream partners (Figure 7) . The data presented here provide detailed insights into the chain of protein-protein interactions connecting the C terminus of Hsp90 to the TPR domain of Tah1, the C-terminal segment of Tah1 to the CS-domain of Pih1, and the PIH-domain of Pih1 to the CK2 sites on Tel2. Whether Rvb1/2 and Hsp90 directly contact the client PIKK remains to be determined. Tah1 binds Hsp90 as a dimer, occupying both TPR-binding sites on an Hsp90 dimer. However, whether this causes recruitment of a second Pih1-complex and potentially an additional TTT-PIKK complex is unknown. (B) As in (A), but for the metazoan system where Tah1 function is replaced by Spagh/RPAP3, which binds both TPR-binding sites on an Hsp90 dimer as a single polypeptide. The role of the additional N-and C-terminal domains of Spagh/RPAP3 in PIKK activation remains to be determined.
PIH domain Is a Phosphopeptide-Binding Module
Our structural and mutational data characterize the PIH domain as a phosphopeptide-binding domain that appears exquisitely adapted to providing specific interactions with phosphoserines (and possibly phosphothreonines) embedded in highly acidic surrounding sequences, characteristic of CK2 phosphorylation sites. The interaction of the PIH domain and the Tel2 phosphopeptide is highly unusual when compared with other known phosphopeptide binding domains. The phosphoserine phosphate group and the side chain carboxyls of the flanking aspartic acid residues on the Tel2 peptide cooperate in an interconnecting network of polar interactions with lysine residues 57 and 64 in the PIH domain. An additional interaction with the PIH domain main chain is provided by the aspartic acid side chain +2 relative to the phosphoserine. Whereas our data show that the PIH domain has an absolute requirement for a phosphoserine for binding, the surrounding acidic residues also make a substantial contribution, so that a Tel2-pSer 486 peptide, which lacks the À1 and +2 aspartic acid residues, only binds very weakly, while the Tel2-pSer 488 peptide, which has acidic residues at À1 and +1, binds with $15 mM affinity, but still $40-fold weaker than the Tel2-pSer 492 peptide with the full DpSDD core sequence. An additional source of specificity may be contributed by the hydrophobic interaction of Tel2-Phe 496, positioned +4 relative to the phosphoserine. Tel2 sequences from a range of metazoa conserve a large hydrophobic residue at this position, suggesting a functional role.
Because Hsp90 and the R2TP complex are individually and collaboratively implicated in a range of biological processes, we speculated that the PIH domain of Pih1 might facilitate phosphorylation-dependent recruitment of other proteins in addition to Tel2. To test this, we performed a bioinformatics search of known phosphorylation sites curated in PhosphoSitePlus (Hornbeck et al., 2004 ) using a search motif based on the high-affinity Tel2-p492 sequence D[pSpT]DDx [FLIM] . Although replacement of phosphoserine by phosphothreonine in the Tel2 motif diminished the affinity for Pih1 ( Figure S4D ), we considered the possibility that this effect might be context specific, and so we allowed for either phosphorylated residue in the search motif. The search yielded 46 putative binding sites in human proteins (Table S1) , although none in known components of R2TP-dependent systems such as snoRNPs or RNA polymerases. The identified proteins function in a wide range of biological processes and whether their matching phosphorylation sites mediate biologically significant interactions remains to be seen. Within these, the search motif identifies a well-documented and conserved phosphorylation site (554-MANDpSDDSIS-563) in the DNA double-strand break recognition and resection protein, Mre11. A phosphopeptide based on this sequence (MANDpSDDSI) bound the Pih1-PIH domain with low micromolar affinity (K D = 6.4 mM; Figure S6 ) in ITC experiments, suggesting that the interaction could occur in vivo. ATM interaction and focus formation by the MRN (Mre11-Rad50-Nbs1) complex is impaired in cells treated with Hsp90 inhibitors, and the MRN complex and Hsp90 coprecipitate (Dote et al., 2006) , but the nature of the presumed cochaperone system that mediates Hsp90-MRN interaction has not been determined. The presence of a functional PIH domain-binding motif in Mre11 raises the intriguing possibility that Hsp90 recruitment is mediated by R2TP, but further work will be required to test this.
A domain homologous to the PIH domain structurally characterized here has been identified in kintoun/DNAAF2/PF13, a factor required for cytoplasmic assembly of dynein arm complexes prior to their transport into cilia (Omran et al., 2008; Yamamoto et al., 2010) . Residues in the mPIH domain involved in interacting with the phosphorylated Tel2 CK2 site are conserved in kintoun/ DNAAF2/PF13, suggesting that it also mediates phosphorylation-dependent protein-protein interactions, although the target of this is currently unknown. A CS domain homologous to that in the C-terminal region of Pih1 is also detectable in kintoun/ DNAAF2/PF13 immediately C-terminal of the PIH domain, with a second CS domain identifiable downstream. Kintoun/ DNAAF2/PF13 has recently been shown to interact with DYX1C1 (Tarkar et al., 2013) , a TPR-domain and CS-domain protein also implicated in axonemal dynein assembly and mutated in human primary ciliary dyskinesia. The DYX1C1 TPR domain conserves the pattern of residues involved in binding the Hsp90 and/or Hsp70 C-terminal EEVD motif (see above), and these chaperones are enriched in DYX1C1 cellular coprecipitates. While the details of these interactions are yet to be fully described, it is likely that the chain of TPR, CS, and PIH domains that mediate Hsp90 involvement with PIKKs via the R2TP system structurally characterized here also play a key role in connecting Hsp90 to the dynein assembly.
EXPERIMENTAL PROCEDURES
Protein Purification pTwo-E expressed His-mPih1 , mutants and mPIH1 , were purified by Talon affinity, gel filtration, and ion-exchange chromatography. mPih1 constructs were purified by Talon affinity and gel filtration chromatography. Tah1p and the Tah1p-Pih1p 187-344 complex was expressed in Escherichia coli Rosetta (DE3) pLysS cells. Tah1p and the Tah1p-Pih1p 187-344 complex were purified by Talon affinity and gel filtration chromatography. Spagh/ RPAP3 120-395 was expressed as a GST PreScission fusion and purified by GST affinity and gel filtration chromatography. For selenomethionine (SeMet) protein labeling, cells were grown in media containing SeMet.
Crystallography
Crystallizations were conducted at 10 mg/ml. The Tah1p Crystals were harvested with glycerol (mPih1 constructs) or ethylene glycol (all other constructs) and flash-frozen. Diffraction data were collected at 100 K either on a Rigaku 007HF generator (l = 1.5419 Å ) or at Diamond Light Source UK. Data were processed with CCP4 (Krissinel et al., 2004) and Phenix (Afonine et al., 2012) , and manual rebuilding was performed in Coot . The Spagh/RPAP3-TPR1-and TPR2-peptide complexes were solved by molecular replacement with the Tah1p structure. Data for apo mPih1 , mPih1 -Tel2, and SeMet-mPih1
1-200 -Tel2 complexes were integrated, and scaled with XDS (Kabsch, 2010) , and graphics were depicted with PyMol (Schrö dinger). Heats of dilution were determined by diluting injectant into buffer. Data were fitted using a curve-fitting algorithm (Microcal Origin). ATPase assays were previously described (Prodromou et al., 1999) .
Cross-Linking and Pull-Downs Increasing concentrations of Cpr6 and 70 mM Flag-Tah1p, Hsp90 600-709 were incubated in 20 mM HEPES, pH 7.5, 150 mM NaCl, 10% glycerol, 0.5% Igepal, and 2 mM EDTA. Subsequently, 30 ml Anti-Flag M2 magnetic beads (SigmaAldrich) were added. Beads were then washed, and the elute was depicted with SDS-PAGE. Cross-linking experiments were previously described (Prodromou et al., 2000) .
Yeast Strains and Plasmids
The pih1 deletion strain (pih1::KanR in BY4741) was obtained from Euroscarf.
The Pih1 promoter and the full coding sequence were amplified cloned into the NotI site of pRS415 (Stratagene). Truncated Pih1 was constructed by inserting a stop codon at Leu 168 and cloned into the NotI site of pRS415. The K58E or K106E mutations were introduced into either the full-length or truncated Pih1 construct by site-directed mutagenesis.
Survival and Growth Assays
Yeast transformed with Pih1 expression constructs were grown in synthetic complete media lacking leucine (SC-His). To determine temperature sensitivity, 5-fold dilutions of logarithmically growing cultures were spotted onto plates and incubated at the permissive (30 C) or nonpermissive temperature (37 C) and imaged after 3 days. For growth rate analysis, yeast strains grown to saturation in SC-His were diluted into fresh media and the optical density at 600 nm was measured. Data are represented as the average of three independent experiments ± 1 SD.
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